Introduction
Injuries to skeletal muscles are prevalent in competitive sports, particularly in football, with an incidence of around 30% of total injuries (Ekstrand et al 2012) . Sport-related muscle injury classifications (Hamilton et al 2014) are primarily based on imaging criteria such as ultrasound (US) and more recently magnetic resonance imaging (MRI). However, the prognosis using these criteria is still not clear. There is strong evidence that a great part of the returnto-play (RTP) decision is conditioned upon the severity of the injury (Pedret et al 2015) and this is associated with muscle gap (muscular fibers retraction). Some authors (Slavotinek et al 2002 , Verrall et al 2006 , Connell et al 2014 have affirmed that the amount of edema of the injured muscle is associated with longer recovery times, whereas others (Schneider-Kolsky et al 2006 , Reurink et al 2015 find no strong evidence of any MRI findings able to give a prognosis of RTP. Pedret et al (2015) points out that the amount of edema is relatively nonsignificant in comparison with other important factors: the extent of the muscle gap and the involvement of the surrounding tissues. Recently, a new classification of muscle injuries has been proposed (Valle et al 2016) in which muscle gap plays an important role, with the drawback that it is not always possible to identify by MRI.
Localized bioimpedance measurement (L-BIA) has emerged as an alternative, low-cost or accessible technique for supporting imaging in quantifying the disrupted soft tissue structure in injured muscles (Nescolarde et al 2015) . It utilizes measurements of the passive electrical characteristics of healthy tissue in response to the administration of a low-intensity alternating current to identify differences in muscle pathology and severity of injury. Resistance (R) is the opposition to the conduction of applied current and is inversely related to fluid volume, and reactance or capacitance (Xc) is the delay in the conduction of current on cell membranes and tissue interfaces (Lukaski 2013) . In a group of professional football players, R measured at the site of the injury was modified by muscle fluid accumulation (edema) whereas Xc was modified due to muscle cell disruption. The magnitude of the decrease in both parameters 24 h after injury was consistent with the severity of the injury previously diagnosed by MRI. The severity of the injury was evidenced by a greater reduction in Xc, compared to the contralateral non-injured muscle, while the amount of edema demonstrated by a reduction in R did not show a good correlation (Nescolarde et al 2013 (Nescolarde et al , 2015 . In this way, L-BIA appears to be a useful non-invasive tool to quantify structural tissue damage independent of the amount of edema in classifying its severity and to help in the follow-up until RTP.
The aim of this work is to use L-BIA measurements to correlate the severity of an injury according to the muscle gap with the RTP. 
Methods

Muscle injury grouped according to gap
Twenty-two muscle injuries, 12 hamstrings; 6 rectus femoris; 3 adductor longus and 1 gastrocnemius (medial head), in 18 male professional football players (20-28 years) were evaluated taking into account the presence of the gap, supported by a 3.0 T MRI system (Magnetom VERIO, Siemens Medical Solutions, version VB 17) during a period of four seasons, ending in June 2016. The Medical Committee of Futbol Club Barcelona approved the study and each volunteer provided oral and written informed consent before participation in the study. The muscle injuries were grouped according to the presence of muscle gap identified by MRI exam 24 h after injury:
• Grade 1: Small area of edema, either myotendinous or myofascial (<10% of cross sectional area (CSA) of the muscle affected and <5 cm of craniocaudal length) with no gap. • Grade 2f: Moderate amount of edema (10-50% of CSA and 5-15 cm of length) with a feather-like image and no gap. • Grade 2g: Moderate amount of edema (10-50% of CSA and 5-15 cm of length) with a feather-like image and gap.
L-BIA
The L-BIA measurements at 50 kHz (BIA-101 Anniversary; AKERN-Srl, Florence, Italy) were done 24 h after injury and on the day of RTP to quantify the percent of change, with respect to contralateral non-injured side, R, Xc and phase-angle (PA). R, Xc and the PA, determined at the contralateral (non-injured side), considered as the reference value, as well as the injured side values, were both measured 24 h after injury. The impact of severity of muscle injury was characterized by the percentage of decrease (% decrease) in L-BIA (R, Xc and PA) compared to the non-injured side.
The adhesive contact electrodes Ag/AgCl (COVIDIEN Ref. 31050522, Covidien LLC, Mansfield, IL, USA) were placed in the area of the injured muscle. The sensing pair of electrodes measuring the voltage (V) drop were placed 5 cm proximally and 5 cm distally from the center of the injury, and the source electrodes injecting the current (I) were positioned close to the others. In the vastus intermedius, injuries are located below the rectus femoris and are therefore anatomically deeper, electrodes for detecting V were placed 10 cm proximally and 10 cm distally to the center of the injury and two for injecting I close to the others. Similar to previous reports (Nescolarde et al 2013 (Nescolarde et al , 2015 , the center of the injury was determined by ultrasound (LOGIQ e, GE Healthcare; Milwaukee, WI, USA). For the placement of the electrodes, we had to consider that in deep injuries (near the bone), the current electrodes should be placed with a greater separation than in superficial injuries to increase the depth of the current's penetration. These considerations are in agreement with those reported by Sanchez et al (2016) and more recently by Rutkove et al (2017) . The positioning of the electrodes for L-BIA is crucial in correctly assessing muscle injury and following recovery until the RTP because inconsistent electrode positioning can influence the measurement. Figure 1 shows a localized bioimpedance electrode placement on the injury located in 1/3 medium quadriceps. Points of reference in the center of the injury determined by US, done with a black permanent marker, can be seen on the leg of the football player. The injured players were supine for 15 min in the medical service (22-24 °C) prior to the L-BIA measurement.
The reliability of electrode placement is a critical aspect of L-BIA measurement. The intertester reproducibility for this L-BIA method had a standard deviation (SD) of 0.6 Ω for R and 0.5 Ω for Xc, with coefficients of variation (CV) of 1.4 and 3.2%, respectively (Nescolarde et al 2013) . These estimates are consistent with posterior determinations of repeatability of the L-BIA measurements with a CV of 1.0-1.9% of the L-BIA measurements except in the adductors, which reached 2.1-3.5% (Nescolarde et al 2015) .
Data analysis
Data are presented as means and standard deviations (SD). The normality of the distribution of the variables was checked by the Shapiro-Wilk test, and the homogeneity of variances by Levene's test.
One-way ANOVA statistical analysis with Scheffé post hoc test or T2-Tamahne (if nonhomogeneity) was used to determine the effect of the severity of injury on relative change (decrease) in R, Xc and PA among grades 1, 2f and 2g, in addition to determining the relationship between the severity of muscle injury and according to grades 1, 2f and 2g, to days to RTP.
The statistical software IBM® SPSS® version 22.0 (Armonk, NY: IBM Corp, USA) was used for the data analysis. The statistical significance was set at P < 0.05.
Results
The 22 muscle injuries were grouped by identification of the gap by MRI exam, either in myotendinous or myofascial areas, in three groups (grade 1, grade 2f and grade 2g) and evaluated by L-BIA. Table 1 shows the L-BIA measurements and percent decreases corresponding to grade 1 (n = 7), grade 2f (n = 8) and grade 2g (n = 7) muscle injuries, significantly in R ( p < 0.002), Xc ( p < 0.0001) and PA ( p < 0.0001). The increasing severity of the muscle injury predicted the greater decrease in L-BIA measurements (table 2) .
The presence and severity of muscle disruption adversely affected ( p < 0.0001) time to RTP by 8, 14 and 48 d, respectively (figure 2). As shown in table 3, there was a tendency ( p < 0.067) for a longer time for RTP between grade 1 (small area of edema) and grade 2f (moderate amount of edema and no gap) whereas greater differences were found between grade 1 (small area of edema) and grade 2g (moderate amount of edema and gap) ( p < 0.001) as well as grade 2f (moderate amount of edema and no gap) and grade 2g (moderate amount of edema and gap) muscle injury ( p < 0.001).
Figures 3-5 show a MRI example of a muscle injury in rectus femoris grade 1, grade 2f and grade 2g, respectively.
Discussion
Using tetra-polar L-BIA measurements at 50 kHz in lower leg wounds, Lukaski and Moore (2012) found a modest decrease in R, Xc and PA acutely after debridement with a considerably greater decrease in the advance of infection, and a substantial increase in R, Xc and PA after treatment, and healing is consistent with the hypothesis that L-BIA non-invasively illustrates a cellular level structure previously postulated by the same author (Lukaski 1996) . Xc is proportional to cell mass (cell membranes consist of bilayers of lipids and they act as capacitors). Increases in Xc indicate epidermal proliferation and granulation whereas Xc decreases with infection and cell loss. The R-value is inversely proportional to extra-cellular fluid and directly proportional to the fibrin clot and epithelialization and thus indicates successful wound healing. Healthy membranes cause a delay in the transit of voltage and current; thus, the greater the PA, the healthier the cell membranes, and decreases in PA reflect impaired membrane function. Later Nescolarde et al (2013 Nescolarde et al ( , 2015 , found a similar pattern to the aforementioned study in muscle injuries in professional football players, reporting quantitatively a pattern of change in R and Xc according to the severity of the injury in terms of 'grade I' (minor injury), 'grade II' (partial tear or moderate injury) and 'grade III' (complete rupture or severe injury). The most significant changes were observed in severe injuries, showing statistical significance in changes in Xc (muscle fibers retraction, that is 'gap') but not in R (edema). Thus, the authors concluded that, according to previous studies based on MRI criteria (Schneider-Kolsky et al 2006 , Reurink et al 2015 , the presence of edema in the injured muscle did not correlate with the grade of the injury.
This work presents 22 muscle injuries in 18 football players. Table 1 describes the value of the contralateral, non-injured side, 24 h after injury and the percentage of decrease in R, Xc and PA according to the presence of edema and/or gap by MRI. The results of the one-way ANOVA test of percentage of decrease for seven muscle injuries classified as grade 1, 8 as grade 2f and seven injuries as grade 2g shows high statistical significance among grades 1, 2f and 2g for R (F = 9.126, p < 0.002), Xc (F = 46.269, p < 0.000) and PA (F = 24.164, p < 0.000). Due to the low number of grade III injuries (complete muscle ruptures involving in addition the tendon) in football we have not used them for this work.
Recently, a new classification of muscle injuries was proposed (Valle et al 2016) where the gap plays an important role, with the drawback that it is not always possible to identify by MRI. That is the reason why we have divided the classical 'partial muscle tears' (grade II, partial ruptures or moderate injuries) into subgroups: 2f (feather-like MRI with no gap) and 2g (featherlike MRI and gap image). Both are partial tears but the MRI could not detect small gaps in some of them and the classification, based on MRI, will be determined by a small amount of edema (grade I) or much more extension (grade II). The prognosis of the injury and the RTP time will depend on, among others factors, on the severity of the injury and this will be incorrect if the classification of the injury is mistaken. The post hoc analysis shown in table 2 reveals a high statistical difference in Xc and PA contrasting grade 1 with grade 2f, grade 1 with grade 2g and grade 2f with grade 2g. Only in the case of where no statistical differences were observed contrasting grade 1 with grade 2f with the R parameter. So it is interesting to better differentiate the great and heterogeneous group of partial tears in two subgroups because significant changes in Xc could help us give real importance to muscle injury demands and therefore provide the best possible prognosis. Without a doubt, new future MRI devices will be able to detect the very little gaps in small grade II injuries that L-BIA is starting to reveal.
Regarding RTP, grade 1 (7 ± 2 d), 2f (14 ± 6 d) and 2g (48 ± 15 d), a high statistical difference using one-way ANOVA test (F = 41.286, p < 0.000) was also found. The results of the T2-Tamahne post hoc test show a high statistical difference contrasting grade 1 with grade 2g, grade 2f with grade 2g and a slight statistical difference between grade 1 and grade 2f. These results are shown in table 3 and figure 2. A slight statistical relevance between grade 1 and grade 2f injuries leads us to think that the gap that could exist in grade 2f (not detectable nowadays by MRI) is so small that the recovery time until the RTP could be similar. The great difference is between grades 2f and 2g, nowadays considered as injuries belonging to the same group but with very different prognoses between them.
Conclusion
We conclude that the grade of the muscle injury is proportional to the size of the gap, and these results reveal that gap and the severity of the muscle disruption adversely affect RTP time. L-BIA could help in arriving at a diagnosis and in establishing a prognosis for the RTP time.
